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Abstract
The moisture gradient in wood is a characteristic of major interest in lumber drying. Two methods, an ovendry slicing

method and an X-ray scanning method, were used to examine moisture gradients in wood during the drying of Chinese fir
(Cunninghamia lanceolata). The results of the comparison between these two methods confirmed that X-ray radiation can be
used to monitor moisture distribution during the drying of Chinese fir. Compared with the moisture content (MC) values
obtained by the ovendry slicing method, the X-ray scanning method is capable of determining MC to within 612.9 percent.
Using a control volume approach, a numeric model for estimating the moisture gradient in wood during drying was
developed in this work. The validation tests indicated that the model can be used to estimate moisture gradients during the
drying of Chinese fir and is capable of predicting moisture distribution to within 612.6 percent.

The moisture gradient in wood is one of the most
important physical parameters that needs to be accurately
examined if the goal is to obtain high-quality dried lumber
in terms of minimized internal stresses and good dimen-
sional stability. Many efforts have been made to precisely
measure the moisture content (MC) gradient in wood. To
determine moisture diffusion coefficients using an inverse
algorithm, moisture gradients during drying have been
measured by slicing thin layers with a band saw (Liu et al.
2001) or a microtone knife (Cai 2005b). Although
acceptable results were obtained, these specimens were
destroyed after measuring MC, and thus these methods
failed to provide continuous monitoring of the moisture
movement inside the wood. This made it difficult to develop
accurate models of the moisture gradient and movement
during wood drying.

Wood density is another characteristic of major interest
that can be used as an indicator of the strength and quality
of wood. Using a medical computed axial tomographic
scanner, X-ray absorption coefficients and computer
tomographic (CT) numbers, as well as their relation to
wood density, were investigated (Lindgren 1991). It was
found that dry wood density could be measured to an
accuracy of 64 kg/m3. Since wood with the same density
but different contents of water had different X-ray
absorption coefficients, moist wood density could be
measured to an accuracy of 613.4 kg/m3. The effect of
the width of the annual growth rings on density has also
been explored (Lindgren et al. 1992). The results

demonstrated that the density could be reliably determined
using an X-ray microscanner when the annual growth rings
were about 0.9 mm or greater in width. After applying a
calibration procedure, X-ray computer tomography was
used to rapidly estimate wood density (Freyburger et al.
2009). It was concluded that the calibration method
enabled the use of a medical scanner to obtain accurate
wood density in a fast and nondestructive way.
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Using a medical X-ray CT scanner, a regression model
for precisely estimating the average M was developed based
on the information from tests of small specimens (2 by 2 by
1 cm) by Hattori and Kanagawa (1985). After establishing
the model, Kanagawa and Hattori (1985) examined moisture
distributions of two 10.5-cm2 timbers during conventional
kiln drying. It was found that the average M during drying
could be estimated using CT images and the regression
model. Using a CT scanner, Pang and Wiberg (1998)
examined moisture distribution within Pinus radiata
sapwood boards during drying when the wood’s basic
density profile was known. Using an industrial CT, Alkan et
al. (2007) examined subalpine fir lumber with wet pockets.
The results showed that the drying development pattern at
each increment from core to shell was much slower in the
wet-pocket zones than in the normal wood regions along the
width, thickness, and length of the board.

However, CT scanning is slow, complex, and expensive
due to its multiorientation shooting (Baettig et al. 2006). X-
ray absorptiometry is simpler and more accessible for
determining MC in wood. Baettig et al. (2006) successfully
measured MC profiles in a Norway spruce (Picea abies)
board during vacuum drying by placing an X-ray source and
an energy-sensitive detector on both sides of a laboratory
vacuum kiln. Cai (2008) employed a collimated radiation
beam (X-rays or gamma rays) emitted from a radiation
source. A radiation detector recorded the intensities of the
transmitted beams. The MC gradients were calculated by
contrasting them to the ovendried density profiles. After
comparing the radiation results with the measured MC
gradients using the ovendry method, it was confirmed that
the radiation method could provide an accurate and prompt
estimation of internal wood MC gradient. Watanabea et al.
(2008) used a digital X-ray microscope to measure MC of
Japanese cedar (Cryptomeria japonica) and evaluated its
accuracy compared with the values that were determined
using the typical ovendry method. It was found that the
standard error achieved was about 1 percent MC within the
experimental range.

The wood-drying model is a powerful tool for under-
standing and quantifying moisture movement in wood
during drying and can be used to improve productivity
and dried-wood quality (Pang 2007). Pang and Wiberg
(1998) used the CT-scanned results to validate a two-
dimensional single-board drying model. The validation
indicated that the model was capable of predicting the MC
gradients in board thickness and width and within growth
rings. Haquea (2007) developed a two-dimensional drying
model to simulate MC profiles during high-temperature
drying for industrial drying schedules. It was found that the
effects of specific heat capacity and thermal conductivity on
the overall drying rate of the board were insignificant.
However, the effect of changes in the diffusion coefficient
on the drying rate below the fiber saturation point was
significant. Cai and Oliveira (2008) simulated the perfor-
mance of moisture distribution during the drying of wet-
pocket lumber. Zhang and Cai (2011) estimated moisture
gradients during high-temperature drying of subalpine fir
(Abies lasiocarpa) through microscopic analysis.

This study was aimed at investigating the development of
moisture gradients in Chinese fir wood during drying using
three approaches, namely, X-ray radiation, the numeric
method, and the traditional ovendrying method.

Materials and Methods

Sample preparation and drying process

Sourced from Hunan Province, China, a Chinese fir
(Cunninghamia lanceolata) log with a diameter of 36 cm
was shipped to the laboratory in Beijing, China. As shown
in Figure 1, blocks 185 mm wide, 45 mm thick, and 1,000
mm long were flat sawn from the log, and each block was
split into two specimens with dimensions 90 by 45 by 1,000
mm.

One specimen was used for the determination of the MC
gradient using X-ray radiation, and another was used for the
determination of the MC gradient using ovendried sliced
samples. The MC was approximately 50 percent. Prior to
drying, each specimen was painted on all edges with two
coats of heavy epoxy to restrict moisture movement to a
thickness of 45 mm (radial direction).

A laboratory-made dryer with an accuracy of 618C was
used and all experiments used a preset air velocity of 1.5 m/
s. The dryer was heated from room temperature to the dry-
bulb/wet-bulb temperatures of 758C/638C (about 58%
relative humidity) in 1 hour and remained constant for the
whole drying process. The specimens were periodically (6,
30, 45, 70, 100 and 120 h) taken out from the dryer. At each
drying period, after an approximately 10-mm end was
trimmed, three samples measuring 45 by 45 by 45 mm were
cut from each specimen using a small band saw (Fig. 1). The
precise dimensions of each sample were measured using a
caliper. After the samples were cut, the end of each
specimen was sealed by epoxy before it was placed back in
the dryer. During the slicing process, each sample was
sliced into 21 sections using a laboratory-made cutting tool.
Therefore, each gradient section was approximately 2.14

Figure 1.—Sample preparation and drying process.
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mm in thickness. Immediately after being sliced, each
section was weighed and oven-dried to determine its MC.

X-ray examination

The X-ray radiation system DENSE-LAB X was used in
this study. The X-ray source and the detector were placed
together on two motorized stages with an accurate
positioning control, which were then set in a rigid
framework. When an X-ray beam penetrated a specimen
(Fig. 2), the ratio of intensity I to incident intensity I0 could
be given by the exponential attenuation law,

I

I0

¼ e�lqt ð1Þ

where I and I0 are intensity and incident intensity, l is the
mass attenuation coefficient (cm2/g), q is the raw density of
wood (kg/m3), and t is the transmitted distance in wood
(cm). When the I0/I, l, and t are known, the wood’s average
density in the X-ray–penetrated zone can be obtained:

q ¼ 1

lt
ln

I0

I

� �
ð2Þ

In order to examine moisture distribution in the thickness
direction during drying, the X-ray–scanned sample was
also sliced into 21 sections. The average density was
obtained using linear interpolation approximation and the
weighted average method. Based on the density, dimension,
ovendried density, and ovendried dimensions of the
section, the average MC of the section could be calculated
as follows:

MCi;j ¼
wi;j � w0;j

w0;j
3 100%

¼
qi;jLi;jTi;jhi;j � q0;jL0;jT0;jh0;j

q0;jL0;jT0;jh0;j
3 100% ð3Þ

where MC is the moisture content (%), W is the weight of
the section (g), q is the raw density of wood (kg/m3), L is
the length of the section (mm), T is the width of the section
(mm), and h is the thickness of the section (mm). Subscript
i is the ith drying period (i ¼ 1, 2, . . . 7), o is the final
ovendrying period, and j is the jth section (j¼ 1, 2, . . . 21).

Development of the numeric model

Consider the specimen with thickness 2h as shown in
Figure 3. When moisture moves in the direction of the
thickness (h) of the specimen, a one-dimensional model can
be used (Cai 2005a). When the density, thermal conductiv-
ity, and specific heat of the lumber are known, the governing
equation for the conservation of energy is as follows:

qCp

]T

]t
¼ ]

]x
k

]T

]x

� �
for 0 , x , h; t . 0 ð4Þ

where T is the temperature (8C), k is the thermal
conductivity (W/m�K), q is the basic density of wood (kg/
m3), Cp is the specific heat of wood (J/kg�K), t is the time
(s), and x is the space coordinate. The boundary conditions
were shown in the following forms:

�k
]T

]x
¼ hhðTs � T‘Þ at x ¼ 0 ð5Þ

where Ts is the surface temperature (8C), T‘ is the
temperature in the kiln (8C), and hh is the heat transfer
coefficient (W/m2�K). Because a relatively low air velocity
was used in this case, a value of hh¼ 2.4 W/m2�K was used
(Pordage and Langrish 1999):

]T

]x
¼ 0 at x ¼ h ð6Þ

and the initial condition can be written as follows:

Tðx; 0Þ ¼ Tinitial ð7Þ
The governing equation for the conservation of mass is as

follows:

]C

]t
¼ ]

]x
D

]C

]x

� �
0 , x , h; t.0 ð8Þ

where C is the moisture concentration (kg/m3), t is time (h),
D is the diffusion coefficient (mm2/h), and x is the space
coordinate measured from the center of the specimen. The
initial condition was

Figure 2.—X-ray beam penetrated the specimen.
Figure 3.—(a) Test specimen; (b) discretization of space
coordinate.
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C ¼ C0; C , h; t ¼ 0 ð9Þ

where C0 is the initial moisture concentration (kg/m3).
Half of the specimen thickness (h) was discretized with

mesh width (Dx) in space (Fig. 3b). The boundary condition
at the center of the specimen was

]C

]x
¼ 0 x ¼ h; t � 0 ð10Þ

and the boundary condition at the surface of the specimen
was

�D
]C

]x
¼ hmðCs � C‘Þ x ¼ 0; t.0 ð11Þ

where Cs is the moisture concentration on the surface of
wood (kg/m3), C‘ is the moisture concentration of the air
(kg/m3), and hm is the mass transfer coefficient (m/s), which
may be expressed as

hm ¼
hh

qgCpg

Pr

Sc

� �2
3

ð12Þ

where hh is the heat transfer coefficient (W/m2�K), qg is
the density of air (kg/m3), Cpg is the specific heat
capacity (J/kg�K), Pr is Prandtl number, and Sc is the
Schmidt number.

The coupled partial-differential Equations 4 and 8 were
solved using the control volume method (Kreith and Bohn
2001). A control volume is a fixed region in space bounded
by a control surface through which heat and mass pass. The
first law of thermodynamics states that energy can be
neither created nor destroyed but can be transformed from
one form to another. In the control volume, the rate at
which heat and moisture enter plus the rate at which heat is
generated within that volume minus the rate at which heat
and moisture leave the volume must equal the rate at which
heat and mass are stored inside this volume. Using this
method, the heat and mass transfer process during wet-
pocket lumber drying was successfully simulated (Cai and
Oliveira 2008).

As shown in Figure 3b, half of the specimen thickness (h)
was discretized with the width (Dx) in space. To consider a
mass balance on this control volume, the rate at which mass
moves into the control volume equals the rate at which mass
moves out of the control volume. Then

�D
dC

dx
ðinÞ ¼ �D

Ciþ1 � Ci

Dx
¼ �D

dC

dx
ðoutÞ

¼ �D
Ci�1 � Ci

Dx
ð13Þ

For an unsteady mass transfer problem, a discrete time step
Dt was introduced:

tm ¼ mDt m ¼ 0; 1; 2; . . . ð14Þ
The equations were rearranged as:

Ci;mþ1 ¼ Ci;m þ
Dt

Dx2
DðCiþ1;m � 2Ci;m þ Ci�1;mÞ ð15Þ

Because the diffusion coefficients of Chinese fir in a similar
environment are not available, the data from western red
cedar (Thuja plicata) determined by Koumoutsakos and
Avramidis (2002) were used. When the drying temperature
was 708C and the average MC was about 5 percent, the

average diffusion coefficient in the radial direction was
approximately (1.47 þ 0.96)/2 ¼ 1.22 3 10�10 m2/s.

Results and Discussion

During the drying process, the MC values obtained by
ovendrying sliced sections, X-ray scanning, or model
calculating were averaged at each time period. A compar-
ison among the ovendry-determined (SlicingM) and X-ray–
determined (X-rayM) MC values and the calculated curve
(CalcM) using the model is presented in Figure 4. As shown,
the differences among the average MC values were minor,
and the calculated curve exactly follows the X-ray–scanned
and ovendry-determined values.

Figures 5 through 11 present the comparison of MC
gradients among the SlicingM values, X-rayM values, and
CalcM using the model. As shown in these figures, the
differences of MC between the ovendry slicing method and
X-ray–determined values were slight. It was suggested that
X-ray radiation can be used for monitoring moisture
movement and distribution during drying to provide prompt
information about internal stresses that could result in
warping and defect development.

Table 1 illustrates a comparison of MC at several
characteristic layers in the samples among the three

Figure 4.—A comparison among the ovendry-determined
(SlicingM) and X-ray–determined (X-rayM) values, and calcu-
lated curve (CalcM) using the model.

Figure 5.—Initial moisture content gradients. SlicingM =
ovendry-determined values; X-rayM = X-ray–determined val-
ues; CalcM = calculated curve.

202 YU ET AL.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2024-12-26



Figure 6.—Moisture content gradients after 6 hours of drying
(Period 1). SlicingM = ovendry-determined values; X-rayM =
X-ray–determined values; CalcM = calculated curve.

Figure 7.—Moisture content gradients after 30 hours of drying
(Period 2). SlicingM = ovendry-determined values; X-rayM =
X-ray–determined values; CalcM = calculated curve.

Table 1.—A comparison of moisture content gradients among the three methods.a

Drying period (h)

Layer:

Avg.1 4 7 10 13 16 19 21

0 SlicingM 35.1 52.0 49.8 53.2 53.2 52.0 50.0 38.4

X-rayM 39.0 54.0 54.0 56.0 56.0 54.0 51.0 39.0

Abs. Dev. 1 (%) 11.0 3.8 8.4 5.2 5.3 3.8 2.0 1.6 5.0

CalcM 49.8 49.8 49.8 49.8 49.8 49.8 49.8 49.8

Abs. Dev. 2 (%) 41.9 4.2 0.1 6.4 6.3 4.2 0.3 29.8 7.9

6 SlicingM 12.8 35.2 47.5 48.7 50.8 52.2 35.0 20.5

X-rayM 16.0 40.0 50.0 53.0 48.0 49.0 42.0 17.0

Abs. Dev. 1 (%) 25.0 13.6 5.3 8.9 5.5 6.0 20.0 16.9 12.4

CalcM 13.4 37.4 49.9 52.3 51.9 48.0 29.9 13.4

Abs. Dev. 2 (%) 4.4 6.1 5.0 7.5 2.2 8.0 14.6 27.6 7.6

30 SlicingM 8.2 19.7 38.4 43.7 40.4 33.9 17.9 8.9

X-rayM 12.0 24.0 38.0 40.0 37.2 30.0 20.0 11.0

Abs. Dev. 1 (%) 47.2 22.1 1.0 8.4 7.8 11.4 11.8 23.9 12.9

CalcM 8.2 23.1 38.1 43.6 42.6 34.0 18.2 8.2

Abs. Dev. 2 (%) 0.6 17.7 0.7 0.3 5.4 0.4 1.9 7.6 5.2

45 SlicingM 11.6 12.3 25.2 34.2 35.3 30.2 12.1 10.6

X-rayM 11.4 16.6 29.4 37.1 36.0 29.9 15.2 10.1

Abs. Dev. 1 (%) 1.2 35.3 16.4 8.7 2.1 1.1 25.4 4.1 11.8

CalcM 8.2 16.9 26.5 36.1 33.3 22.8 14.0 8.2

Abs. Dev. 2 (%) 29.2 37.6 4.9 5.8 5.6 24.6 15.4 22.3 12.6

70 SlicingM 8.3 12.0 18.2 26.9 23.9 18.3 14.4 7.2

X-rayM 8.6 14.2 19.1 27.6 27.2 21.1 14.7 9.1

Abs. Dev. 1 (%) 3.9 17.9 4.7 2.3 13.9 15.6 1.8 26.8 11.0

CalcM 8.0 14.0 20.1 27.0 24.9 17.9 11.9 8.0

Abs. Dev. 2 (%) 3.0 15.9 10.2 0.1 4.3 2.2 17.6 11.7 7.3

100 SlicingM 8.0 11.0 12.7 12.8 12.9 12.5 11.0 7.0

X-rayM 8.0 10.9 13.0 12.8 12.9 12.0 11.7 7.5

Abs. Dev. 1 (%) 0.6 0.8 2.1 0.5 0.2 3.5 6.4 6.6 2.6

CalcM 7.9 11.1 12.9 14.1 13.9 12.4 10.1 7.9

Abs. Dev. 2 (%) 0.6 0.4 1.6 10.7 7.8 0.2 7.8 13.1 6.7

120 SlicingM 7.9 7.6 8.1 8.5 8.7 8.4 7.6 7.0

X-rayM 8.0 7.7 8.2 8.6 8.7 8.5 7.8 7.3

Abs. Dev. 1 (%) 0.9 1.1 1.6 1.3 0.7 1.6 2.5 4.4 1.8

CalcM 7.8 8.0 8.5 9.1 9.0 8.3 7.9 7.8

Abs. Dev. 2 (%) 1.1 5.7 4.9 8.2 3.2 0.6 4.3 11.7 4.7

a SlicingM ¼ ovendry-determined values; X-rayM ¼ X-ray–determined values; CalcM ¼ calculated curve; Abs. Dev. 1 ¼ absolute deviations of moisture

content comparing the slicing method and the X-ray radiation method; Abs. Dev. 2¼ absolute deviations of moisture content comparing the slicing method

and the calculated curve.
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examinations. Abs. Dev. 1 in Table 1 is the comparison

of MC between the slicing method and X-ray radiation.

Compared with the MC values obtained by the ovendry

slicing method, X-ray radiation is capable of determining

MC to within 612.9 percent. Abs. Dev. 2 in Table 1 is

the comparison of MC between the slicing method and

model estimation method. It shows that the model is

capable of predicting MC values to within 612.6

percent.

Figures 5 to 11 show that most calculated MC curves

satisfactorily followed the MC values obtained by the

ovendry slicing method. Table 1 also illustrates that the

highest absolute deviations in Layers 1 and 21 between

the slicing method and model-estimated values (Abs.

Dev. 2) were 41.9 and 29.8 percent, respectively. The

relatively greater errors in the surface layers were

probably caused by the time required for slicing samples.

When the specimens were taken out from the dryer and

cut into samples that were further sliced into sections

(Fig. 1), the surface layers of the samples were

equilibrated with the room equilibrium MC, which was

approximately 10 to 12 percent.

Conclusions

1. The results from the comparison of moisture gradients

measured by the ovendry slicing method and X-ray

radiation confirmed that the X-ray method can be used

for monitoring moisture movement and distribution

during the drying of Chinese fir to provide prompt

information about internal stresses that could result in

warping and defect development in lumber. Compared

with the MC values obtained by the ovendry slicing

method, the X-ray radiation method is capable of

examining MC to within 612.9 percent.

2. The results also indicated that the numeric model

developed in this study can be used to estimate moisture

gradients during the drying of Chinese fir. Compared

with MC values measured by the ovendry slicing

method, the model is capable of predicting moisture

distribution to within 612.6 percent.
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Figure 8.—Moisture content gradients after 45 hours of drying
(Period 3). SlicingM = ovendry-determined values; X-rayM =
X-ray–determined values; CalcM = calculated curve.

Figure 9.—Moisture content gradients after 70 hours of drying
(Period 4). SlicingM = ovendry-determined values; X-rayM =
X-ray–determined values; CalcM = calculated curve.

Figure 10.—Moisture content gradients after 100 hours of
drying (Period 5). SlicingM = ovendry-determined values; X-
rayM = X-ray–determined values; CalcM = calculated curve.

Figure 11.—Moisture content gradients after 120 hours of
drying (Period 6). SlicingM = ovendry-determined values; X-
rayM = X-ray–determined values; CalcM = calculated curve.
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